Depression and fatigue have previously been suggested to share an underlying genetic contribution. The present study aims to investigate and characterize the familiality and genetic relationship between depression and fatigue. The familiality of depression and fatigue was assessed by calculating relative risks, measured by the prevalence ratio, within 643 monozygotic (MZ) and 577 dizygotic (DZ) twin pairs. Bivariate twin modeling was utilized to assess the magnitude of shared heritability between depression and fatigue. Finally, the relationship between depression and fatigue was investigated using the co-twin control method, to determine whether the association is explained by causal or non-causal models. We observed an increased risk of fatigue in co-twins of probands with depression and increased risk of depression in cotwins of probands with fatigue. Higher risks were observed in MZ compared to DZ twin pairs, and bivariate heritability analyses indicated significant genetic components for depression and fatigue, with heritability estimates of 48% and 41%, respectively. Importantly, a significant additive genetic correlation of 0.71 [95% CI = 0.51-0.92) and bivariate heritability of 21% [95% CI = 10-35%] was observed between depression and fatigue. Furthermore, results from the co-twin control method indicate a non-causal genetic relationship that likely explains the association between depression and fatigue. Notably, the contribution of shared genetic factors remained significant, independent of the overlapping symptoms, indicating that the relationship between co-occurring depression and fatigue is primarily due to shared genetic factors rather than overlapping symptomatology.
Depression and fatigue are highly prevalent traits and are associated with a considerable reduction in quality of life. The genetic heritability of depression and fatigue has been estimated to range from 17% to 78% and 18% to 51%, respectively (Schur et al., 2007; Sullivan et al., 2000; Sullivan et al., 2005) . The wide ranges are likely attributable to differences in ethnicity and gender distribution within the study populations. Shared genetic etiologies have been implicated in studies investigating the heritability of psychological distress, anxiety, depression, and fatigue; and insomnia, fatigue, and depression (Hickie et al., 1999; Hur et al., 2012) . However, the underlying mechanisms associated with depression and fatigue that could explain the high levels of comorbidity are poorly understood.
Two studies have tested for a shared genetic influence to depression and fatigue. In the first study, the heritability of lifetime-ever disabling fatigue (assessed by parental report using the disabling fatigue measure; Farmer et al., 1999) and depression within the past 3 months (assessed by the mood and feelings questionnaire in individuals over 11 years ; Costello & Angold, 1988) was investigated in children (aged 8-17; Fowler et al., 2006) . The second study examined the genetic relationship between abnormal fatigue (assessed by the Chalder Fatigue Questionnaire; Chalder et al., 1993) and an indicator of lifetime-ever depression (assessed by two screening questions of the Composite International Diagnostic Interview; World Health Organization, 1990) regarding depressed mood and loss of interest -the two core symptoms of a major depressive episode, as defined by the Diagnostic and Statistical Manual of Mental Disorders (5th ed.; DSM-5; American Psychiatric Association, 2013) -in a Sri Lankan population (aged ≥15 The Genetic Relationship Between Fatigue and Depression years; Ball et al., 2010) . Although both studies indicated depression and fatigue have a shared genetic contribution, the genetic relationship between co-occurring depression and fatigue is not well characterized and their results are not readily comparable due to the fact that risk for depression differs by age and sex (Bijl et al., 2002; Centers for Disease Control and Prevention, 2010; Kessler et al., 2003) .
Differences in familial and genetic risk for depression have been identified with age. Older adults exhibit the lowest prevalence of a current depression diagnosis and a comparable risk of onset between males and females (Bebbington et al., 1998; Faravelli et al., 2013) . Additionally, symptomatology differences have been observed between depression patients in different age ranges (Hybels et al., 2012; Wilkowska-Chmielewska et al., 2013) . However, little is known about the genetic relationship between cooccurring depression and fatigue in older adults. Therefore, the present study utilizes relative risks (RR) and twin modeling to investigate the familiality and heritability of depression and fatigue within older adults. Furthermore, the cotwin control method was utilized to investigate whether the association between depression and fatigue is explained by a causal model or shared underlying etiology.
Materials and Methods

Study Cohort
The present study was conducted using data from the over50s (aged) study conducted by the genetic epidemiology group within QIMR Berghofer. The study invited 2,281 twin pairs from the Australian Twin Registry to complete a mailed Health and Lifestyle Questionnaire (Bucholz et al., 1998; Mosing et al., 2012) . The present study utilized responses to the Schedule of Fatigue and Anergia (SOFA), the 12-item General Health Questionnaire (GHQ), and the 14-item Delusions Symptoms-States Inventory, States of Anxiety and Depression (DSSI/sAD) questionnaires (Bedford & Deary, 1997; Goldberg & Blackwell, 1970; Hickie et al., 1996) . The study cohort utilized here overlaps the cohort used by Hickie et al. (1999) to investigate the multivariate heritability of psychological distress, anxiety, depression, and fatigue. However, the present study focuses on depression and fatigue, including looking at major depressive disorder (MDD) and minor depressive disorder MiDD.
Diagnosis of Depression and Fatigue
MDD and MiDD were classified using the nine criteria of a major depressive episode (depressed mood, anhedonia, a change in weight or appetite, insomnia or hypersomnia, psychomotor agitation or retardation, fatigue or loss of energy, feelings of worthlessness or excessive guilt, inability to concentrate or make decisions, and thoughts about death, suicidal thoughts, suicidal plans, or suicidal attempts), as defined by the DSM-IV criteria (American Psychiatric Association, 2000) . A combination of questions from the GHQ and DSSI/sAD were used to assess depression, through assignment of specific questions to the appropriate criterion of the major depressive episode criteria. When multiple questions assessed a criterion, at least one positive response indicated the individual exhibited a symptom from the specific criterion. Each criterion was assessed by assigning 1 to the criterion if a symptom was exhibited by the individual and 0 if none of the symptoms for the criterion were met. The survey did not contain any assessment of change in weight or appetite; therefore, this criterion of a major depressive episode was not assessed. The scores of the remaining eight criteria assessed were summed, if the individual screened positive (score > 0) for depressed mood and/or anhedonia; otherwise, the individual was assigned a total score of 0. Individuals were classified as MDD, MiDD, or non-depressed, if they had a score of 5 or more, 2 to 4, or less than 2, respectively.
The SOFA was originally designed to identify chronic fatigue syndrome cases. Therefore, physical, neurocognitive, and neurovegetative fatigue symptoms were assessed by the questionnaire. Consequently, the fatigued state identified by the SOFA is distinct from the fatigue experienced within a major depressive episode. Ten questions are contained in the SOFA; however, a shorter eight-item version was included in the survey due to two questions being replicated within the GHQ. Individuals were classified as fatigued if they reported 3 or more of the 10 fatigue symptoms (muscle pain at rest, post-exertional muscle pain, post-exertional muscle fatigue, post-exertional fatigue, hypersomnia, insomnia, poor concentration, speech problems, poor memory, and headaches).
Familial Clustering
Familiality between depression and fatigue was assessed by the calculation of RR, assessed by the prevalence ratio, with their 95% confidence intervals (CI). Initially, crosstabulation was utilized to assess the depression and fatigue status within twin pairs, based on zygosity groupings. The method by Nyholt and colleagues (2004) was utilized to estimate the risk within the complete cohort and same-sex twin pairs, where the cross-tabulations from using twin 1 or twin 2 as the proband were averaged. RR were also calculated from the averaged cross-tabulations within samesex monozygotic (MZ) and dizygotic (DZ) twin pairs and opposite-sex DZ twin pairs relative to non-depressed or non-fatigued status. Initially, the risk of fatigue in co-twins of depressed probands was calculated. Similarly, the risk of depression in co-twins of fatigued probands was calculated.
To assess the familiality of depression and fatigue independent of their overlapping symptoms, the risk of fatigue in co-twins was also estimated in the subgroup of depressed individuals without overlapping DSM depression symptoms (i.e., insomnia, poor concentration, and hypersomnia). Similarly, the risk of depression in co-twins was also estimated in the subgroup of fatigued individuals with-out overlapping fatigue symptoms (i.e., insomnia, inability to concentrate, and loss of energy).
Genetic Analysis
The association between depression and fatigue was assessed by looking at twin, phenotypic, and cross-twin, cross-trait correlations within MZ and DZ twin pairs. Polychoric correlations were calculated (due to the binary coding utilized within the cohort) using the polycor package in R (R Core Team, 2014) . Twin correlations assessed the association of a single trait across a twin pair, phenotypic correlations assessed the association of two traits within individuals, and cross-twin, cross-trait correlations assessed the association of two traits across a twin pair. Twin and crosstwin, cross-trait correlations, which are larger in MZ compared to DZ twin pairs, indicate the etiology of the traits has a genetic contribution.
Bivariate twin models were calculated to estimate the relative contribution of genetic and environmental factors on the covariation of depression and fatigue. The bivariate twin modeling was conducted utilizing the Cholesky decomposition that allowed the genetic and environmental factors of the first trait to load onto the second trait (Neale & Cardon, 1992) . The model contains another set of genetic and environmental factors that are unique to the second trait. Such twin modeling partitions the observed phenotypic variance into specific components. Briefly, phenotypic differences between MZ and DZ twin pairs (MZ twin pairs have the same genotype and common environment while DZ twin pairs only share 50% of their genes but have the same common environment) are used to estimate the contribution of additive genetic (A), dominant (non-additive) genetic (D), common environmental (C), and unique environmental (E) variance components (Neale & Cardon, 1992) . Additionally, the genetic (r g ) and environmental (r e ) correlation between depression and fatigue was calculated as a measure of the overlap in gene and environmental sets, respectively.
Heritability estimates were calculated utilizing the structural equation modeling, including the threshold model. The threshold model posits that distinct traits represent a single, normally distributed, severity continuum. Initially, a single threshold was utilized for depression, whereby individuals were separated into a broad, two-category (nondepressed and MiDD/MDD) depression definition. Additionally, two thresholds were used to assess the threecategory (non-depressed, MiDD, and MDD) depression definition. A single threshold was used within all models to separate non-fatigued and fatigued individuals. Corrections for (linear) age and sex effects were included in all models, which were fitted using the OpenMx package in R (Boker et al., 2011; R Core Team, 2014) . The significance of the variance components was assessed by comparing the fit of the full model (ACE/ADE) to the nested submodels (AE, CE, and E) where individual variance components were dropped from the model. The goodness-of-fit parameters used to assess the differences in the twin models were the likelihood-ratio chi-square test (χ 2 ), the difference in degrees of freedom ( df), and p value. Additionally, model fit was compared utilizing Akaike's Information Criteria (AIC) with the lowest AIC indicating the most parsimonious model (Akaike, 1973; 1974) .
Polychoric correlations and bivariate heritability estimates were also estimated for depression and fatigue in the subgroup of twins without overlapping symptoms (i.e., insomnia, concentration problems, hypersomnia, and loss of energy).
Relationship Analysis
The co-twin control method was utilized to determine the type of relationship that exists between depression and fatigue (Kendler et al., 1993; Kendler et al., 1999) . A causal relationship exists when a risk factor directly causes a phenotype, without familial confounding. Meanwhile, a noncausal model exists when familial (A and C) factors completely explain the correlation between the risk factor and the trait. Furthermore, non-causal relationships exist where the association between the risk factor and the trait is mediated by familial factors (A or C; Kendler et al., 1993; Kendler et al., 1999; McGue et al., 2010) .
The co-twin control method conducted throughout the study followed the protocol outlined by Ligthart et al. (2010) , where the odds ratio (OR) of the trait is calculated based on the presence or absence of the risk factor within three cohorts: MZ and DZ twin pairs with the trait that are discordant for the risk factor and a general population sample. The over-50s (aged) study contained 200 MZ twin pairs and 215 DZ twin pairs with a measure of depression that was discordant for fatigue. Similarly, 99 MZ twin pairs and 96 DZ twin pairs with a measure of fatigue were discordant for depression. The general population sample of 1,266 individuals was obtained by selecting all unpaired twin singles and randomly selecting a single individual from each complete twin pair (i.e., one individual from each family), excluding those discordant for fatigue or depression.
If a causal relationship exists between the risk factor and the trait of interest, the three cohorts are expected to have comparably elevated ORs (Figure 1) . Similarly, under noncausal models, the general population is expected to show increased odds of exhibiting the trait, given the presence of the risk factor. However, MZ and DZ cohorts are expected to exhibit varying OR patterns, although the association should always be smaller than within the general population. If the relationship between the risk factor and the trait is non-causal, no association is expected in the MZ cohort, whereas the DZ cohort is expected to exhibit a small association (Figure 1) . Similarly, if a non-causal relationship exists between the risk factor and the trait that is mediated by shared environment, both the MZ and DZ cohorts are expected to exhibit a similar association (Figure 1) . Finally, under a non-causal model mediated by genetic factors, the The Genetic Relationship Between Fatigue and Depression
FIGURE 1
Expected outcomes of the co-twin control method under the causal, non-causal, non-causal shared environment, and non-causal genetic models within the general population (light grey), discordant DZ twin pairs (grey) who share 50% of their genetics and 100% of their common environment, and discordant MZ twin pairs (dark grey) who share 100% of their genetics and common environment. Under a causal model, an association is expected within all three groups. Under a non-causal model, an association is expected within the general population, discordant DZ cohort will have a small association, and discordant MZ cohort will have no association. Similarly, under the non-causal shared environmental model, discordant DZ and MZ twin pairs have a small, equal association. Finally, under the non-causal genetic model, discordant DZ twin pairs have an association, whereas discordant MZ twin pairs have a smaller association.
MZ cohort is expected to exhibit a smaller association than the DZ cohort (Figure 1) .
Results
The over-50s (aged) study was a population-based cohort of 2,281 Australian twin pairs. A total of 1,061 twin pairs were removed due to incomplete depression and fatigue classifications for one or both twins. The remaining 1,220 twin pairs consisted of 643 MZ twin pairs (491 female-female and 152 male-male twin pairs) with a mean age of 61.5 ± 8.9 (range = 50-92) and 577 DZ twin pairs (263 femalefemale, 73 male-male, 136 female-male, and 105 malefemale twin pairs) with a mean age of 61.2 ± 8.2 (range = 50-90). The prevalence of depression (either MDD or MiDD) and fatigue was 11.0% (11.7% of females, 9.3% of males) and 29.6% (32.5% of females, 24.7% of males), respectively.
Relative Risks
Initially, all individuals who participated in the over-50s (aged) study were assessed for both MDD and MiDD (Supplementary Table S1 ). The present study focused on a twocategory, broad definition of depression defined as either MDD or MiDD. Cross-tabulation within MZ, same-sex DZ, and opposite-sex DZ twin pairs was based on depressed or non-depressed and fatigued or non-fatigued classifications (Table 1) .
We observed an increased risk of fatigue in co-twins of probands with depression and increased risk of depression Note: MZ = monozygotic; DZss = same-sex dizygotic; DZos = oppositesex dizygotic; F-M = female-male; M-F = male-female. a Tables were made symmetrical in same-sex twin pairs by averaging over using either twin 1 or twin 2 as proband. For example, within the complete twin pairs there were 155 twin pairs where twin 1 was fatigued and twin 2 was non-depressed and 160 twin pairs where twin 2 was fatigued and twin 1 was non-depressed. Therefore, the cross-tabulation averaging over twin 1 or twin 2 as proband is (155 + 160)/2 = 157.5.
in co-twins of probands with fatigue, indicating a significant familial association between the traits (Table 2) . Strong evidence for a genetic contribution is provided by the higher risk observed in MZ compared to DZ twin pairs. In particular, the risk of fatigue in co-twins of depressed probands was 1.91 [95% CI = 1.49-2.46] in MZ twin pairs compared to 1.10 [95% CI = 0.66-1.84] in same-sex DZ twin pairs. Similarly, the risk of depression in co-twins of fatigued probands Note: MZ= monozygotic; DZss = same-sex dizygotic; DZos = opposite-sex dizygotic; F-M = female-male; M-F = male-female. a Relative risks were calculated with respect to non-depressed or non-fatigued status in twin 1. Table S2 ). A comparable pattern of MZ to DZ RR was also observed for the separate MiDD and MDD cases, but with MDD producing further increased RR (Supplementary Table S3). Importantly, a similar pattern of risks was observed when they were estimated independently of depression and fatigue overlapping symptoms (Supplementary Tables S7-S8) .
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Polychoric Correlations
The twin correlations for depression and fatigue were approximately two and three times larger in MZ compared to DZ twin pairs, respectively (Table 3) . Similarly, the crosstwin, cross-trait correlations for depression and fatigue were over twice the magnitude in MZ compared to DZ twin pairs. These observed MZ > DZ correlations indicate that additive genetic factors contribute to the association between depression and fatigue. A similar pattern of polychoric correlations was observed when the analyses were repeated independently of the overlapping symptoms (Supplementary Table S9 ). Furthermore, comparable patterns of polychoric correlations were observed for MiDD, MDD, and the three-category depression classification (non-depressed, MiDD, and MDD; Supplementary Table S4). 
Bivariate Heritability Estimates
Bivariate model fitting for depression and fatigue indicated that the AE model is the most parsimonious (Table 4) . No differences in depression or fatigue threshold distributions were observed within twin pairs, and across zygosity and sex groups. Overall, 48% [95% CI = 32-61%] and 41% [95% CI = 0.30-0.51%] of the variance in depression and fatigue, respectively, were explained by genetic factors. Also, 52% [95% CI = 39-68%] and 59% [95% CI = 0.49-0.70%] of the variance in depression and fatigue were explained by unique environmental factors, respectively (Figure 2) . Notably, 21% [95% CI = 10-35%] of the variance in depression due to genetic factors also contributes to the heritability of fatigue (i.e., bivariate heritability of 21%). Also, 7% of the variance in depression due to unique environmental factors The Genetic Relationship Between Fatigue and Depression Table S5 , Supplementary Figures S1-S2 ). Almost identical bivariate heritability estimates were obtained between three-category depression and fatigue (Supplementary Table S5 , Supplementary Figure S3) . Importantly, the shared genetic contribution to depression and fatigue remained significant independent of the overlapping symptoms (Supplementary Figure S4) .
Co-Twin Control
Assessment of depression as a risk factor for fatigue revealed that the ORs in the general population, discordant DZ twin pairs, and discordant MZ twin pairs were 7.20 [95% CI: 4.49-11.56], 6.29 [95% CI: 3.35-11.81], and 1.92 [95% CI: 1.09-3.39], respectively (Figure 3) . Similarly, assessment of fatigue as a risk factor for depression revealed that the ORs in the general population, discordant DZ twin pairs, and discordant MZ twin pairs were 7.20 [95% CI: 4.49-11.56], 5.21 [95% CI: 2.75-9.88], and 1.98 [95% CI: 1.10-3.55], respectively (Figure 3) . The pattern of OR exhibited when fatigue was a risk factor for depression was comparable to when depression was a risk factor for fatigue. The observed OR pattern indicates that a non-causal genetic model best describes the relationship between depression and fatigue. A non-causal genetic relationship was also indicated between fatigue and MiDD (Supplementary Table S6 ). However, the co-twin control analysis could not be replicated for fatigue and MDD due to the lack of power in the smaller subsample.
FIGURE 3
Left: The observed odds ratios (OR) for a current diagnosis of fatigue with a given a current diagnosis of depression in the general population (1,266 unrelated twin singles), 99 discordant DZ twin pairs, and 96 discordant MZ twin pairs. Right: The observed OR for a current diagnosis of depression with a given a current diagnosis of fatigue in the general population (1,266 unrelated twin singles), 200 discordant DZ twin pairs, and 215 discordant MZ twin pairs. In both situations, the observed OR patterns are consistent with a non-causal genetic model.
Discussion
Three key findings were identified from the present study. First, depression and fatigue exhibit a familial component. Second, co-occurring depression and fatigue have considerable genetic overlap. Finally, a non-causal genetic model
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likely explains the association between depression and fatigue.
The familial clustering analysis revealed that depression and fatigue likely have shared underlying etiologies. These results are supported by previous studies that have reported higher levels of depression in fatigued individuals than the general population (Cathébras et al., 1992; Walker et al., 1993) . However, to our knowledge, this is the first study to assess and characterize the familial clustering of depression and fatigue, with regard to the risk of depression in fatigued individuals and the risk of fatigue in depressed individuals.
Overlap in genetic factors between depression and fatigue has been indicated in previous twin studies (Ball et al., 2010; Fowler et al., 2006; Hickie et al., 1999; Hur et al., 2012) . Previous multivariate twin studies have identified genetic and environmental factors that are unique to fatigue. Hur et al. (2012) established common and symptomspecific genetic and environmental factors contributed to the heritability of self-reported insomnia, fatigue, and depression experienced within a 12-month period. Similarly, Hickie et al. (1999) determined that 44% of the genetic heritability and 100% of the environmental contribution of fatigue is independent of psychological distress, anxiety, and depression. However, the proportion of genetic factors contributing to fatigue that are independent of depression appears to be smaller in older adults than in children. The bivariate modeling reported by Fowler et al. (2006) established that 87% and 73% of the genetic heritability for lifetime-ever short-duration fatigue (fatigue experienced for at least 1 week) and lifetime-ever prolonged fatigue (fatigue experienced for at least 1 month), respectively, were independent of depression within the last 3 months in children. The high proportion of genetic heritability specific to short-duration fatigue and prolonged fatigue was substantiated by r g of 0.36 and 0.53, respectively. However, Ball et al. (2010) indicated that unique environmental variance components explained a larger proportion of the overlap in heritability between fatigue and an indicator of lifetime depression than familial factors, in Sri Lanka.
The bivariate twin modeling results from the current study indicated 50% of the genetic heritability and 12% of the environmental contribution of fatigue are shared with depression. r g of 0.71 between co-occurring depression and fatigue within adults (aged over 50) was considerably higher than previous bivariate studies, indicating larger genetic overlap exists between co-occurring depression and fatigue in older adults than depression within the past 3 months and lifetime-ever disabling fatigue in children. A small environmental overlap between co-occurring depression and fatigue was also observed (r e = 0.35). Differences in the contribution of genetic and environmental factors to the shared heritability of depression and fatigue between adults in Australia and Sri Lanka are likely attributable to variation in phenotypic classification, ethnicity, age, and cultural differences. In particular, the measure of depression utilized within the Sri Lankan population only assessed the two core symptoms of the DSM criteria for a major depressive episode. Therefore, the genetic correlation of depression and fatigue potentially increases with the number of depression symptoms. Skapinakis and colleagues (2004) described four possible explanations for the association between unexplained depression and fatigue observed within their international study: the causal, reverse causality, common etiology, and overlapping criteria hypotheses. Results of the present study substantiate the common etiology hypothesis, whereby depression and fatigue share common risk factors. In particular, our results indicate that shared genetic factors explain the majority of the correlation. The larger overlap in genetic heritability between co-occurring depression and fatigue is also supported by the results of the co-twin control analysis. That is, the determined non-causal genetic relationship between depression and fatigue adds further support to the comorbidity between depression and fatigue, being primarily due to shared genetic factors.
Our findings lead us to suggest that overlapping genetic factors could also underlie the relationship between depression relapse and residual fatigue. Residual fatigue has a prevalence of 63-98% and 22-49% in partial responders and remitted patients, respectively, after antidepressant treatment (Fava et al., 2014) . Additionally, fatigue as a symptom of depression has been associated with higher health care utilization, 10-20% greater annual healthcare cost, increased medication uses, and lower quality of life (Robinson et al., 2014) . Furthermore, residual fatigue has been shown to lead to higher levels of functional impairment and depression relapse. Considering that currently available antidepressant therapies have been shown to inadequately treat residual fatigue, we believe research should focus on understanding the shared mechanisms of depression and fatigue. Such research holds great potential to facilitate the development of enhanced treatment outcomes, which are targeted to shared mechanisms of depression and fatigue. The effective treatment of depression focusing on symptomatic treatment of residual fatigue could lower remission levels, and thereby lower the global burden of depression.
The present study is the first to investigate the type of relationship between co-occurring depression and fatigue, utilizing a two-category and three-category depression status. Additionally, it is the only study that determined whether a causal relationship exists between depression and fatigue. A possible limitation of the study is that depression and fatigue were assessed by self-report rather than interview based. However, this allowed depression and fatigue to be assessed independently without introducing interviewer bias. Furthermore, the study was not confounded by healthcare-seeking behavior due to the population-based structure of the cohort. Additionally, the current study focused on an older age group for which some evidence suggests the risk of depression is similar between the sexes (Bebbington et al., 1998; Faravelli et al., 2013) .
In summary, our results indicate depression and fatigue are familial, with shared genetic factors explaining a substantial proportion of the comorbidity between the traits in adults. Research focusing on the underlying pathways that are shared by depression and fatigue will facilitate the elucidation of the mechanisms driving the association.
